[1] Ice discharge from the fastest glaciers draining the Greenland and Antarctic ice sheets -Jakobshavn Isbrae (JI) and Pine Island Glacier (PIG)-continues to increase, and is now more than double that needed to balance snowfall in their catchment basins. Velocity increase probably resulted from decreased buttressing from thinning (and, for JI, breakup) of their floating ice tongues, and from reduced basal drag as grounding lines on both glaciers retreat. JI flows directly into the ocean as it becomes afloat, and here creep rates are proportional to the cube of bed depth. Rapid thinning of the PIG ice shelf increases the likelihood of its breakup, and subsequent rapid increase in discharge velocity. Results from a simple model indicate that JI velocities should almost double to >20 km a −1 by 2015, with velocities on PIG increasing to >10 km a −1 after breakup of its ice shelf. These high velocities would probably be sustained over many decades as the glaciers retreat within their long, very deep troughs. Resulting sea-level rise would average about 1.5 mm a −1 .
Introduction
[2] Low rates of sea-level rise during most of the 20th century imply that snowfall on the Greenland and Antarctic ice sheets was roughly balanced by melt-water runoff and seaward ice discharge. Outlet glaciers flow along valleys cutting through the fringes of coastal mountains in Greenland and West Antarctica and across the more mountainous East Antarctic bed. The central basin in Greenland is close to sea level, but that in West Antarctica is largely 1-2 km below sea level. Recent advances in remote-sensing techniques for the measurement of ice thickness and surface elevation, glacier velocities, and Earth's gravity field show progressively increasing mass loss from both ice sheets since the 1990s. Nearly all losses are from lower-elevation regions near the coasts, partly by increased Greenland melt as summer temperatures rise, but increasingly by ice discharge into the ocean from accelerating glaciers on both ice sheets. Most of these "dynamic" losses are from just a few major glaciers that are thinning as they accelerate along deep troughs either into floating ice tongues/ice shelves or directly into the ocean. The seaward extension of such glaciers behaves like a cork in a tilted bottle of wine: loosening allows the wine to leak out; removal causes a flood. Consequences depend on how far the bottle is tilted: how far inland a glacier "feels" the effects of ice-shelf breakup. Here, we present results from two of the world's fastest glaciersJakobshavn Isbrae (JI) in Greenland and Pine Island Glacier (PIG) in West Antarctica -showing rapid inland migration of these effects.
[3] Airborne surveys, with the NASA Airborne Topographic Mapper (ATM) [Krabill et al., 2002] and U. Kansas ice-depth sounder [Gogineni et al., 2008] , have been made over JI almost annually since 1991, and over PIG in 2002, 04, 09 and 10. They show progressive increase in thinning rates and inland migration of the thinning zones, following breakup of the JI floating ice tongue and sustained thinning of the PIG ice shelf, indicating that, for these glaciers, the entire drainage basins may ultimately be affected.
Jakobshavn Isbrae (JI)
[4] Jakobshavn Isbrae has a balance discharge (equivalent to total snowfall within its catchment basin) of about 30 km 3 ice a −1 [Echelmeyer et al., 1991] , and converges into a rapidly moving trunk ∼4km wide, that flows into a deep fjord on the west coast of Greenland. Until recently, a 15-km floating glacier tongue was wedged between the fjord walls. VHF-band radar surveys (J. Plummer et al., A high-resolution bed elevation map for Jakobshavn Isbrae, West Greenland, submitted to Journal of Glaciology, 2011) show the fastest part of the glacier flowing in a deep trough, more than 1000m below sea level (Figure 1 ). Between 1850 and 1962, the calving front retreated ∼25 km up the fjord, and then stabilized to within 3 km until the mid-1990s. During the 1980s and early 1990s, the glacier had a small positive mass balance [Echelmeyer et al., 1991] . Then, probably in 1997, the glacier began to thin [Thomas et al., 2003] at rates that increased to 15 m a −1 near the calving front, where its speed almost doubled to >12 km a −1 by 2003 as the floating tongue finally broke up, with continued increases since [Joughin et al., 2008] , (Figure 1 ). Progressive retreat of the grounding line resulting from the rapid thinning reduced the basal and lateral drag acting on the glacier [Thomas, 2004] 
Pine Island Glacier (PIG)
[6] With a balance discharge of about 70 km 3 a −1 [Rignot, 2008] , and speed in the mid 1970s of 2.2 km a −1 , PIG is one of the most active glaciers in the world. Its width is about 30 km where it flows along a deep trough (Figure 2 ) into a 50-km long ice shelf bounded on each side by grounded ice. Glacier speed near its grounding line increased by 20% or more by the mid 1990s, and continued to increase to almost 4 km a −1 by 2007 [Joughin et al., 2010] , when its annual discharge had increased to about 120 km 3 a −1 of ice [Rignot, 2008] . Analyses of satellite and aircraft data show that the ice shelf, glacier, and much of its catchment basin have thinned over the last two decades [Shepherd et al., 2001; Thomas et al., 2004a] , and the grounding line receded by 5 km between 1992 and 1996 [Rignot, 1998] , and a further 20 km by 2009 [Joughin et al., 2010] .
[7] Figures 1 and 2 show the JI and PIG beds to deepen inland from the glacier grounding lines and, for PIG, bed depth approximately doubles within a distance of 20 km. Within this region, the glacier in 2002 was only lightly grounded, leading to the prediction that continued thinning would lead to its flotation and an associated velocity increase to about 4 km a −1 [Thomas et al., 2004b] , as confirmed by subsequent observations (Figure 2 ). Figure 2c shows what appear to be partially-grounded "ice rumples" near the location identified as the 2002 grounding line (at zero distance), with the actual grounding line in 2002 and 2004 about 20 km upstream, at the inland end of the low-slope "ice plain" . Drag between the ice rumples and the seabed probably dammed up the glacier immediately upstream to cause the ice plain. Progressive un-grounding of the ice rumples then favored thinning of upstream ice resulting in a 5-km grounding-line retreat between 2004 and 2009, to a region where the bed is more than 1 km below sea level. In addition, the entire ice shelf has been thinning: comparison of ATM surveys in 2002, 04, and 09 shows a sustained drop in surface elevations averaging almost 1 m a −1 . This suggests that the ice shelf thinned by perhaps as much as 9 m a −1 during this period, decreasing its buttressing effects, and favoring more glacier acceleration and thinning.
[8] Such rapid ice-shelf thinning is most probably caused by warming of deeper ocean waters that penetrate beneath the ice shelf [Shepherd et al., 2004] which, if thinning continues, may become vulnerable to breakup and rapid collapse similar to that of ice shelves around the Antarctic Peninsula [Vaughan and Doake, 1996] . If this happens, the grounding line will continue to retreat, and glacier velocity will increase substantially, and below we try to estimate upper limits for future velocities for JI, and for PIG following ice-shelf breakup. Various efforts are underway to improve 3-dimensional ice-flow models towards more reliable predictions of ice-sheet contributions to SLR, but results will be delayed by uncertainties in ice stiffness, basal sliding "laws", glacier boundary conditions, and incomplete numerical description of the system of equations being solved. So here, we apply a simple volume-continuity model near the calving fronts of the glaciers, where the ice dynamics are comparatively straightforward, in order to make early estimates of maximum future velocities for JI, and for [Joughin et al., 2008] . Location of JI is shown on inset map of Greenland.
PIG after it loses its ice shelf, for a range of ice-stiffness values.
Glacier Acceleration After Ice-Shelf Breakup
[9] On these glaciers, thinning rates (−dH i /dt) are determined primarily by the balance between thickening (by snow accumulation and advection of thicker ice from upstream) and creep thinning:
with local vertical creep rate:
where " x is the creep rate in the direction of motion, and
assuming local ice dynamics are similar to those for ice shelves. A = snow accumulation; V = glacier speed; dH i /dx = thickness slope in the upstream direction; S hi = hydrostatic ice stress (proportional to ice thickness, H i ); S hw = back pressure caused by water pressure (proportional to water depth, H w ) acting on the ice front or floating ice tongue; S d = resistive stress caused by drag between the downstream glacier and its bed and margins; k (determined by velocity convergence/divergence a) = 2 for parallel flow (a = 0); and B = temperature/ice fabric-dependent hardness parameter averaged over ice thickness.
[10] Glacier acceleration and thinning is caused by an increase in creep thinning following a reduction in S d resulting from thinning or breakup of a floating ice tongue, or by progressive un-grounding and breakup of near-frontal parts of the glacier [Thomas, 2004] . These changes, in turn, result from changes in the ocean near and beneath the floating ice [Holland et al., 2008] , which can increase rates of melting from beneath the floating ice to as much as two orders of magnitude more than accumulation or melt rates on the upper surface. Such changes cause rapid thinning of floating ice tongues, and their ultimate breakup. On both JI and PIG, the continued thinning and glacier acceleration shown in Figures 1 and 2 suggest that reduction in S d as the calving front retreats, outweighs the effects of decreasing S hi as the glaciers thin. The grounding line on each glacier is retreating, reducing the drag between the glacier and its bed, and the PIG ice shelf is thinning by several meters each year, reducing drag between the ice shelf and its sides. Moreover, the partially-grounded ice rumples shown in Figure 2 . (a) PIG surface (red) (2002 ATM survey) and bed elevations (brown) [Blake et al., 2010] , and 1996 ice velocities (green) [Rignot, 1998] [11] For JI, with no floating ice tongue, and on the PIG ice shelf, S d ∼ 0 in equation (2) near their calving fronts. Equation (2) then becomes:
where r i and r w are ice and water density, and g is gravity acceleration. Observations of current glacier velocities and surface and basal topography near the calving fronts give estimates of " z , H w , and k from which we infer B. For JI, we estimated a value of B ∼ 250 to 300 kPa a 1/3 equivalent to an ice temperature of −4°to −6°C, which is warmer than expected from local surface temperatures, but consistent with measurements of deep ice temperatures [Thomsen and Thorning, 1992; Iken et al., 1993] , and interpretations of blue ice in icebergs calving from JI as indicating a temperate-ice thickness of about 700 m [Lüthi et al., 2009] . Moreover, B is the hardness averaged over the full ice thickness, parts of which are heavily fractured by deep surface crevasses and very probably deeper water-filled cracks at the bed. B ∼ 0 for this fraction of the depth, reducing its depth-averaged value. For PIG, we estimated B ∼ 450 to 500 kPa a 1/3 , equivalent to an ice temperature of −14 to −17°C, which is broadly consistent with local air temperatures and basal temperatures of about −2°C.
The Future
[12] Both JI and PIG flow in deep troughs that slope upwards towards the grounding line, which is retreating into progressively deeper water. This will increase H w at the calving front, which increases the dynamic imbalance of the glacier, leading to even higher discharge velocities and further inland migration of the rapidly thinning zone. This process could be delayed if a floating ice tongue were to become re-established in the fjord, but this is unlikely based on JI, where the very rapid, highly fractured glacier breaks into small fragments as it becomes afloat. Using different values of B, we solved equation (3) to give estimates of " z for appropriate values of H w at the calving front of each glacier as it retreats along the deep fjord. Solution of equation (1) then gives the glacier velocity (V f ) at the calving front for selected values of dH i /dt and a. Results are shown in Figures 3 and 4 .
[13] Figure 3 shows calving-front speed is little affected by thinning rates and lateral convergence, but is strongly affected by local surface slope and ice stiffness. The overall undulating velocity pattern results from bed topography, with highest speeds over bed that slopes upwards inland. Recent JI behavior is consistent with a depth-averaged stiffness appropriate to warm ice, and if this continues then calving-front velocities should initially be as high as shown by the black curve in Figure 3 . But it is likely that ice stiffness will increase as colder ice is carried by the fastmoving glacier to its calving front, shifting velocities progressively to the green, blue, and possibly red curves. Velocities would be further slowed if the surface slope near the calving front increases from its present value (about 0.03 radians) because of the decrease in thinning rates farther inland (Figure 1 ). This should result in a slope increase to about 0.05 radians in 100 years, which would reduce calving-front velocities towards those shown by the purple curve. However, if the glacier continues to thin as shown in Figure 1 , the calving front will retreat by about 50 km over the same time period, during which average ice velocities are likely to be 30 km a −1 or more, with total ice discharge exceeding that required to balance upstream snowfall by more than 100 km 3 a −1 .
[14] Figure 4 shows a substantial increase in PIG velocities following total breakup of the ice shelf, with a strong influence from surface slope and ice temperature on glacier velocities during retreat. The influence of bed slope is highlighted by the sharp dip in velocities at 60-km distance, coinciding with the marked bump on the bed shown in Figure 2 . Depth-averaged ice temperatures are probably close to the assumed −17°C along much of the glacier, but results for −20°C ice hardness are also shown. Surface slopes are lower here than on JI, rising from about 0.005 radians on the partially floating "ice plain" to 0.02 radians inland from the 2009 grounding line. If the grounding line were to retreat by about 1 km a −1 , the thinning rate gradient inland from the grounding line (Figure 2 ) would increase the surface slope to about 0.03 radians in 100 years. With these assumptions, loss of the ice shelf in the near future would increase PIG velocity to follow the black curve in Figure 4 , migrating from the blue/red curves towards the green curve after 100 years. During this period, velocities would average about 15 km a −1 with total ice discharge exceeding balance values by more than 600 km 3 a −1 , or enough to raise sea level by 1.5 mm a −1 . But all depends on if and when the ice shelf breaks up. Since 2002, the drop in surface elevation discussed earlier suggests that the ice shelf may be thinning by as much as 9 m a −1 , making it progressively more vulnerable to breakup. Meanwhile, reduction in marginal drag on the thinning ice shelf, and loss of basal drag at the retreating grounding line should result in continued acceleration, slowed somewhat by a decrease in hydrostatic stresses as the glacier thins.
Conclusions and Discussion
[15] Results from a simple volume-balance model predict a discharge-velocity increase to >20 km a −1 on JI by 2015, followed by a decrease by ∼20% before peaking at perhaps 50 km a −1 by 2050-60. Future PIG behavior will be determined primarily by the ice shelf, which appears to have thinned by 10s of meters since 2002. Following its breakup, PIG discharge velocities are also predicted to rise substantially. Although these results represent probable upper limits to future ice velocities on these two glaciers, they include consideration of potential effects that would reduce the velocities. Recent behavior of JI confirms the rapid and sustained inland migration of glacier thinning and acceleration, following loss of its floating ice tongue, required to feed the accelerating discharge velocities. Moreover, JI predictions ( Figure 3) showing a rapid velocity increase by 2015 (Figure 1c ), will soon be tested, providing the opportunity to observe the consequences of ice-shelf breakup. However, most Greenland glaciers flow along far shorter deep fjords into the ocean, and are unlikely to undergo sustained acceleration similar to JI. But much of the ice-sheet bed in West Antarctica is more than 1 km below sea level. Here, most large glaciers flow into the Ross and FilchnerRonne ice shelves, each about as big as Texas and unlikely to break up any time soon. But there are several large glaciers near PIG that flow into the Amundsen Sea via quite small ice shelves, and these are also vulnerable to acceleration similar to that suggested here for PIG. Together, they could raise sea-level by several mm a −1 , highlighting the need to understand why many ice shelves around Antarctica are thinning, and whether this thinning is likely to continue. Modeling the future behavior of their tributary glaciers will also require more extensive surveys of bed topography at high spatial resolution, and of rates of surface-elevation change over deep-based glaciers in both West and East Antarctica.
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